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Abstract
Carbon based two-dimensional (2D) materials with honeycomb lattices, like
graphene, polyaniline carbon-nitride (C3N) and boron-carbide (BC3) ex-
hibit exceptional physical properties. On this basis, we propose two novel
graphene-like materials with BC6N stoichiometry. We conducted first-principles
calculations to explore the stability, mechanical response, electronic, optical
and thermal transport characteristics of graphene-like BC3 and BC6N mono-
layers. The absence of imaginary frequencies in the phonon dispersions con-
firm dynamical stability of BC3 and BC6N monolayers. Our first principles
∗Corresponding authors
Email addresses: bohayra.mortazavi@gmail.com (Bohayra Mortazavi),
pereira@fisica.ufrn.br (Luiz Felipe C. Pereira)
Preprint submitted to Carbon May 17, 2019
ar
X
iv
:1
90
5.
06
81
9v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 16
 M
ay
 20
19
results reveal that BC3 and BC6N present high elastic moduli of 256 and 305
N/m, and tensile strengths of 29.0 and 33.4 N/m, with room temperature
lattice thermal conductivities of 410 and 1710 W/m.K, respectively. No-
tably, the thermal conductivity of BC6N is one of the highest among all 2D
materials. According to electronic structure calculations, monolayers of BC3
and BC6N are indirect and direct bandgap semiconductors, respectively. The
optical analysis illustrate that the first absorption peaks along the in-plane
polarization for single-layer BC3 and BC6N occur in the visible range of the
electromagnetic spectrum. Our results reveal outstandingly high mechanical
properties and thermal conductivity along with attractive electronic and op-
tical features of BC3 and BC6N nanosheets and present them as promising
candidates to design novel nanodevices.
1. Introduction
Graphene [1, 2], which is a two-dimensional (2D) carbon allotrope with a
honeycomb atomic lattice, exhibits remarkable mechanical properties [3] and
ultrahigh thermal conductivity [4, 5, 6] outperforming all known materials.
Graphene also presents highly promising optical and electronic characteris-
tics [7, 8, 9, 10]. The exceptional properties of graphene not only propose
this novel material for the design of a wide-variety of advanced devices, but
also promoted the research for the design and synthesis of other 2D materi-
als. Nonetheless, it is worthy to remind that for some critical technologies,
pristine graphene does not fulfill the requirements. As a well-known example,
for the application as nanotransistors in post-silicon electronics, presenting a
direct and narrow band-gap semiconducting electronic character is essential,
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whereas graphene is a zero band-gap semimetal. To address this drawback,
two main approaches have been extensively explored during the last decade.
the first one includes the band-gap opening in graphene via defect engineer-
ing, mechanical straining, nanomesh creation or chemical functionalization
[11, 12, 13, 14, 15, 16, 17]. In these approaches, the opening of the band-
gap in graphene requires additional processing steps after growth, which are
complicated and expensive. Therefore a more appealing alternative that has
been extensively explored during the last decade is to directly fabricate 2D
semiconductors, such as C2N [18, 19], molybdenum disulfide [20] and phos-
phorene [21, 22] nanosheets.
Graphitic carbon nitride g-C3N4, layered materials have been widely syn-
thesized for a long time by polymerization of cyanamide, dicyandiamide or
melamine [23]. Graphitic carbon nitrides show porous atomic lattices and are
made from covalent networks of carbon and nitrogen atoms. Unlike graphite,
graphitic carbon nitrides are semiconductors. These layered materials have
been proven as promising candidates for energy conversion and storage sys-
tems, catalysis, photocatalysis and oxygen reduction [23, 24, 25, 26, 27]. Nev-
ertheless, the first successful synthesis of large-area triazine-based graphitic
carbon nitride nanosheets was reported in 2014 by Siller et al. [28], where it
was produced on the basis of an ionothermal interfacial reaction. In 2015 an-
other novel nanoporous carbon-nitride semiconducting nanosheet, so called
nitrogenated holey graphene with a C2N stoichiometry was fabricated by
Mahmood et al. via a wet-chemical reaction [18]. C2N nanosheets and their
C3N4 counterparts were theoretically predicted to be excellent candidates for
photocatalysts [29, 30]. Shortly after, the same research group reported the
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first experimental realization of 2D polyaniline nanomembranes with a C3N
stoichiometry [31]. Similarly to g-C3N4 and C2N nanosheets, 2D polyani-
line C3N was found to be a semiconductor composed of carbon and nitrogen
atoms only. Nonetheless, in contrast with g-C3N4 and C2N, C3N does not
include a porous atomic lattice. The non-porous and densely packed atomic
structure of C3N nanosheets results in considerably higher mechanical prop-
erties and thermal conductivity in comparison with g-C3N4 and C2N porous
counterparts [32, 33, 34, 35, 36, 37, 38, 39]. C3N graphene-like carbon nitride
nanosheets have been proven to show desirable properties for numerous appli-
cations including nanotransistors [40, 41, 42], superconductivity [43], anode
materials for Li-ion batteries [44], and hydrogen storage [45]. This shows that
in recent years carbon nitride 2D semiconductors have attracted remarkable
attention of theoretical and experimental research groups worldwide.
Boron, like nitrogen, is also a neighbouring element of carbon with a
very close atomic size and with the ability to form strong covalent bonds
with it. This similarity raises questions concerning the stability and mate-
rial properties of graphene-like boron carbide 2D nanostructures. In general,
graphene-like materials made from B, C and N show very attractive phys-
ical and chemical properties [46, 47, 48, 49, 50, 51]. Interestingly, more
than a decade before the synthesis of C3N nanomembranes [31], BC3 lay-
ered sheets have been experimentally realized by Tanaka et al. via epitaxial
growth on NbB2 surfaces [52]. Recently, graphene-like BC3 nanosheets have
been theoretically suggested as promising candidates for energy storage [53],
nanoelectronics [54, 55], magnetic devices [56], photocatalysts [57] and catal-
ysis [58]. Nevertheless, in spite of the much earlier experimental realization
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of BC3 sheets, the available information concerning their intrinsic physical
properties and application prospects are still limited when compared with
its C3N counterparts. In this work, we provide a comprehensive vision con-
cerning the mechanical response, electronic, optical and thermal transport
properties of graphene-like BC3 monolayers via first-principles calculations.
In addition to that, we predicted and explore the intrinsic properties of two
graphene-like carbon-based nanomaterials with BC6N stoichiometry. These
novel materials can be seen as transition structures between the C3N and the
BC3 lattices. In fact, those novel direct band-gap semiconducting 2D materi-
als not only yields high stiffness and attractive optical properties, but notably
record some of the highest thermal conductivities among all predicted and
fabricated 2D materials.
2. Computational methods
Density functional theory (DFT) calculations in this work were performed
employing the Vienna Ab-initio Simulation Package (VASP) [59, 60, 61]. For
the all simulations in this work, we used a plane-wave cutoff energy of 500
eV within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) for the exchange correlation potential [62]. The convergence
criteria for the electronic self consistence-loop was set to 10−5 eV. To sim-
ulate nanosheets and not nanoribbons, periodic boundary conditions were
applied along all three Cartesian directions, with a vacuum layer of 15 A˚ to
avoid image-image interactions along the monolayers thickness. The VESTA
package was used to illustrate atomic structures and charge densities [63].
Energy minimized BC3 and BC6N monolayers were obtained by altering the
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size of the hexagonal unit-cells and subsequently performing geometry opti-
mizations of the atomic positions, employing the conjugate gradient method.
The convergence criteria for the HellmannFeynman forces on each atom was
taken to be 0.01 eV/A˚ employing a 15x15x1 Monkhorst-Pack [64] k-point
mesh. After obtaining energy minimized lattices, uniaxial tensile simula-
tions were carried out to explore the mechanical properties. The electronic
properties were evaluated using a denser k-point grid of 21x21x1. Since
PBE/GGA underestimates the band-gap values, we employed the screened
hybrid functional HSE06 [65] to provide more accurate estimations. Optical
properties were analyzed on the basis of the random phase approximation
(RPA) constructed over the PBE results. Thermal stability of the consid-
ered nanosheets was examined via ab-initio molecular dynamics simulations
(AIMD) for 2x2x1 super-cells with the Langevin thermostat, a time step of
1 fs and a 2x2x1 Monkhorst-Pack k-point mesh size [64].
The phononic thermal conductivities of single-layer BC3 and BC6N were
predicted with the ShengBTE package [66], which conducts a fully iterative
solutions of the Boltzmann transport equation. Further details of the ther-
mal conductivity calculations can be found in a previous study concerning the
C3N monolayer [67]. Second order (harmonic) and third-order (anharmonic)
interatomic force constants were calculated using density functional pertur-
bation theory (DFPT) as implemented in the VASP package, also on the basis
of PBE/GGA and for 4x4x1 super-cells with 3x3x1 k-point grids. Phonon
frequencies, group velocities and harmonic interatomic force constants were
obtained with PHONOPY [68], from inputs provided by the DFPT results.
In accordance with the prebious study [67], for the third-order anharmonic
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force constants, interactions up to the eleventh nearest-neighbours were con-
sidered. Born effective charges and dielectric constants were also considered
in the dynamical matrix to obtain the thermal conductivity with a 51x51x1
q-point mesh. Nonetheless, we found that aforementioned terms can be ac-
curately neglected for the studied nanosheets as their contributions in the
estimated thermal conductivities are below 1%.
3. Results and discussion
We begin by pointing out that BC3 and C3N nanosheets have been exper-
imentally fabricated, thus the considered atomic lattices are the most stable
structures. With respect to the BC6N structure, considering a hexagonal
unit-cell with 8 atoms, only two different structures can be formed. These
two structures include lattices without a B-N bond and with a single B-N
bond, which we identify as BC6N-1 and BC6N-2, respectively. Energy min-
imized BC3, BC6N-1 and BC6N-2 monolayers with graphene-like hexagonal
atomic lattices are illustrated in Fig. 1. The lattice constants of BC3, BC6N-
1, BC6N-2 and C3N monolayers were estimated to be 5.174, 4.979, 4.973 and
4.860 A˚, respectively. In single-layer BC3, the C-C and C-B bond lengths
were measured to be 1.565 and 1.422 A˚, respectively, which are longer than
C-C and C-N bonds in the C3N counterpart (≈ 1.403 A˚). For the BC6N-
1 monolayer, C-C, C-B and C-N bonds were found to be 1.413, 1.471 and
1.453 A˚, respectively. In the case of the BC6N-2 monolayer, B-N, C-B and
C-N bonds were measured to be 1.453, 1.410 and 1.486 A˚, respectively. The
lattice energy per atom for BC6N-1 and BC6N-2 monolayers, were predicted
to be -8.71 and -8.85 eV, respectively, which indicate that BC6N-2 should be
slightly more stable than BC6N-1. To facilitate future studies, the unit-cells
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of energy minimized monolayers are provided in supplementary information.
In analogy to graphene and in order to investigate the anisotropy in the me-
chanical and thermal conduction responses, armchair and zigzag directions
can be defined for the studied nanosheets, as shown in Fig. 1. To provide use-
ful insights concerning the atomic bonding nature in the studied nanosheets,
the electron localization function (ELF) [69] within the unit-cells is also il-
lustrated in the figure. ELF is a spatial function and takes a value between
0 and 1. As expected, electron localization occurs around the center of all
bonds in these nanomembranes, revealing the dominance of covalent bonding
between pairs of atoms. Interestingly, for the all considered monolayers the
electron localization around the center of connecting bonds is broadened for
C-B bonds in comparison with C-N and C-C bonds. In this case, for C-N
bonds the electron localization shows the most concentrated pattern, which
might be an indication of the higher stiffness of these covalent bonds.
Figure 1: Energy minimized atomic structure of BC3, BC6N-1 and BC6N-2 monolayers.
Contours illustrate the electron localization function within the unit-cell [69].
Phonon frequencies for BC3, BC6N-1 and BC6N-2 along high symmetry
directions of the first Brillouin zone are shown in Fig. 2. In all cases, two of
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the three acoustic modes present linear dispersion while the remaining one
presents a quadratic dispersion, which is characteristic of monolayer 2D ma-
terials. Around the M point the transverse and longitudinal acoustic modes
reach frequencies around 10 and 20 THz, respectively, whereas the flexural
mode remains below 5 THz. A visual inspection of the slope of the linear
acoustic modes in the phonon dispersions of Fig. 2 indicates a lower speed of
sound for BC3 in comparison to the BC6N structures. This will also influence
the thermal conductivities as we shall see later. The absence of imaginary
eigenvalues for the dynamical matrix, which would appear in the figure as
negative frequencies, is a good indication of the structural stability for both
structures. Since both BC3 and C3N have already been synthesized, the pre-
dicted structural stability of both BC6N should serve as encouragement to
those with an interest in producing those novel 2D materials.
Figure 2: Phonon frequencies for BC3, BC6N-1 and BC6N-2 along high symmetry direc-
tions of the first Brillouin zone. Notice the presence of two acoustic modes with linear
dispersion while the remaining one presents a quadratic dispersion characteristic of mono-
layer 2D materials.
Mechanical properties of BC3 and BC6N nanosheets have been investi-
gated by conducting uniaxial tensile simulations. In order to check for a
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possible anisotropy in the mechanical response, uniaxial tensile simulations
were conducted along armchair and zigzag directions. During uniaxial ten-
sile loading, the periodic dimension along the loading direction was increased
step-by-step with a fixed strain of 0.0005. In order to satisfy the uniaxial
stress-conditions, the dimension perpendicular to the loading direction was
adjusted to reach a negligible stress (<0.03 N/m). The atomic positions
were rescaled according to the changes in the simulation box size, and sub-
sequently energy minimization was conducted within the conjugate gradient
method in order to allow the rearrangement of atomic positions. In Fig. 3
the DFT prediction for the uniaxial stress-strain response of BC3, BC6N-1
and BC6N-2 nanosheets along armchair and zigzag directions are compared.
As expected, the curves exhibit an initial linear behavior, corresponding to
the elastic region. For each monolayer, these linear regions along armchair
and zigzag directions were found to coincide, revealing isotropic elastic re-
sponse for BC3, BC6N-1 and BC6N-2 monolayers. Moreover, we find that
BC6N-1 and BC6N-2 have the same elastic moduli.
The elastic moduli of BC3 and BC6N atomic layers were predicted to be
considerably high, 256 and 305 N/m, respectively, which are lower than that
of the C3N counterpart ≈ 340 N/m [32]. These results highlight the stiff-
ening role of C-N bonds when compared with C-B ones. Within the elastic
range, the strain along the traverse direction of loading (st) with respect to
the loading strain (sl) is constant and can be used to evaluate Poisson’s ratio
−st/sl. The Poisson’s ratios of BC3 and BC6N monolayers were estimated
to be 0.180 and 0.175, respectively. According to our DFT results, BC3
and BC6N nanosheets exhibit distinctly higher tensile strength and strain
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at tensile strength point (which is a representative of stretchability) along
the zigzag direction when compared with the armchair direction. There-
fore, the tensile response of these graphene-like lattices are dependent on the
loading directions and thus anisotropic. However, BC3 shows a lower de-
gree of anisotropy due to its more uniform atomic configuration, with tensile
strengths of 29.0 and 24.7 N/m at corresponding strain values of 0.235 and
0.165 in the case of uniaxial loading along zigzag and armchair directions,
respectively. Meanwhile, in the case of BC6N-1 monolayer, we predict tensile
strengths of 21.8 and 29.3 N/m at corresponding strain values of 0.11 and 0.19
for the uniaxial loading along armchair and zigzag directions, respectively.
Finally, among the considered structures, BC6N-2 exhibits the highest tensile
strengths of 28.4 and 33.4 N/m at corresponding strain values of 0.17 and
0.21 the armchair and zigzag directions, respectively. These results confirm
the outstandingly high tensile strength of BC3 and BC6N monolayers.
Let us point out that the remarkable tensile strength and elastic mod-
uli of BC3 and BC6N nanosheets are not enough to ensure their thermal
stability. Therefore, in order to probe their thermal stability we conducted
AIMD simulations at 500 K and 1000 K for a total simulation time of 20 ps.
The results are presented in the Supporting Information, and according to
Fig. S1, BC3 and both BC6N atomic lattices were kept intact even at the
high temperature of 1000 K, which is a strong confirmation of their thermal
stability.
Now we investigate the electronic and optical characteristics of BC3,
BC6N-1 and BC6N-2 monolayers. We begin by obtaining the electronic band
structure along high symmetry directions of the first Brillouin zone as shown
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Figure 3: Uniaxial stress-strain response of BC3, BC6N-1 and BC6N-2 monolayers elon-
gated along (a) armchair and (b) zigzag directions. All three materials present isotropic
elastic response along the in-plane directions.
in Fig. 4. Our results, based on PBE/GGA, show that the valence band
maximum (VBM) in BC3 monolayer occurs at the Γ point while the con-
duction band minimum (CBM) occurs at M-point, exhibiting therefore an
indirect bandgap semiconducting character. These results also show that
both the VBM and CBM of BC6N-1 and BC6N-2 occur at the K-point, re-
sulting in a direct bandgap. In comparison, C3N monolayer is an indirect
bandgap semiconductor, since its VBM and CBM are located at M- and Γ-
points, respectively [70]. According to the PBE results, the bandgaps of BC3,
BC6N-1 and BC6N-2 monolayers are 0.62,1.26 and 1.14 eV, respectively. It
is a known issue that DFT within the PBE/GGA level of theory underesti-
mates the bandgap of semiconductors [71], therefore we employ the HSE06
method to provide more accurate predictions. The corresponding bandgaps
(shown in Fig. S2) for BC3, BC6N-1 and BC6N-2 monolayers within HSE06
functional are 1.82, 2.10 and 1.77 eV, which are indeed larger than those pre-
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dicted by PBE/GGA. In any case, the predicted semiconducting character
of BC3 and BC6N presents an advantage relative to graphene’s zero bandgap
semimetallic behavior, at least when it is necessary to switch the conductivity
between on and off states. It is worth noting that total electronic density of
states (DOS) were also acquired from spin-polarized calculations. The DOS
for spin-up and spin-down channels were found to be completely symmetri-
cal and free of spin-splitting, confirming the non-magnetic semiconducting
electronic character of BC3, BC6N-1 and BC6N-2 nanosheets.
Figure 4: Band structure and total electronic density of states (DOS) of BC3, BC3, BC6N-
1 and BC6N-2 monolayers predicted by the PBE/GGA functional. The Fermi energy is
aligned to zero
Once the electronic structure calculations confirmed the semiconducting
character of BC3 and BC6N monolayers, we probed their optical properties
for possible applications in optoelectronics. In this case, calculations were
also conducted for the C3N monolayer in order to provide a more compre-
hensive vision. Imaginary and real parts of the dielectric function, Im[αβ]
and Re[αβ], for BC3, BC6N-1, BC6N-2 and C3N sheets are presented in Fig.
5 as functions of photon energy. We consider parallel (in-plane) and perpen-
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dicular (out-of-plane) polarization directions within RPA+PBE. In the case
of in-plane polarization, the absorption edge of Im[αβ], which corresponds
to the optical gap, occurs at 1.45, 1.39, 1.11 and 1.27 eV for BC3, BC6N-1,
BC6N-2 and C3N respectively. The corresponding values along the out-of-
plane direction are 4.57, 5.5, 5.22 and 2.88 eV, respectively. The first main
peaks of Im[αβ] along the in-plane polarization for the all considered mono-
layers happen in the visible range, and are related to pi → pi∗ transitions.
In the case of BC3 the prominent Im[αβ] peak along in-plane polarization
has a blue shift when compared with BC6N and C3N. The main peaks along
the out-of-plane direction for these nanosheets are broad and occur in energy
range between 9.32 and 13.00 eV, being related to pi → σ∗ and σ → pi∗
transitions.
The static dielectric constants (real part of the dielectric constant at zero
energy) for BC3, BC6N-1, BC6N-2 and C3N were calculated to be 4.86, 4.35,
4.22 and 6.16 for in-plane polarization and 1.59, 1.54, 1.38 and 1.49 for out-
of-plane polarization. For BC3, BC6N-1, BC6N-2 and C3N the main peak
of Re[αβ] along the in-plane direction occur at 1.60, 1.44, 1.14 and 1.49 eV
while the corresponding values for out-of-plane polarization were found to be
9.32, 10.88, 10.90 and 11.62 eV, respectively. In what follows, we discuss the
absorption coefficient, ααβ(ω), which is given by [72]
ααβ(ω) =
ω Im[αβ(ω)]
c nαβ(ω)
, (1)
where c is the speed of light and nαβ(ω) is the refraction index. The ab-
sorption coefficients for BC3, BC6N-1, BC6N-2 and C3N are plotted in Fig.
6. In this case we also compared the acquired results with that of pristine
graphene in the visible range of light (from 390 to 700 nm) as a function
14
Figure 5: Imaginary and real parts of the dielectric function of single-layer BC3, BC6N and
C3N for in-plane and out-of-plane polarizations, calculated using the RPA+PBE approach
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of wavelength from our previous studies [73, 74]. The inset of Fig. 6 shows
the absorption coefficients of single-layer BC3, BC6N-1, BC6N-2 and C3N and
graphene (black line) in the visible range. These results indicate that the first
absorption peaks for BC3, BC6N-1, BC6N-2 and C3N monolayers are 2.13,
1.66, 1.55 and 2.01 eV along the in-plane polarization, respectively, which
are indeed in the visible range. The main peaks of ααβ(ω) for BC3, BC6N-1,
BC6N-2 and C3N along in-plane polarization were found to be broad and
located at an energy range between 10.78 and 18.00 eV. The first absorption
peaks along the out-of-plane polarization occur at 5.04, 5.89, 5.30 and 3.10
eV, respectively, which are in the ultraviolet (UV) range of light, while the
main absorption peaks in this direction locate at energy levels between 9.19
and 18.15 eV. As shown in the inset of Fig. 6 the absorption coefficients for
BC3, BC6N-1, BC6N-2 and C3N monolayers in the visible range of light are
higher than that of graphene. These results indicate that these monolayers
can enhance visible-light absorption in comparison with graphene, which can
be potentially attractive for photovoltaic applications.
We next discuss the optical conductivity of these 2D systems. The real
part of the optical conductivity is related to Im[αβ(ω)] by [72]:
Re[σαβ(ω)] =
ω
4pi
Im[αβ(ω)]. (2)
The real part of the optical conductivities are presented in Fig. 7, where
we also include an inset in order to compare with pristine graphene in the
visible range of light [73, 74]. The optical conductivities begin with a gap,
which is due to the semiconducting properties of these nanosheets. The
first prominent optical conductivity peaks occur at 1.95, 1.57, 1.42 and 1.69
eV for BC3, BC6N-1, BC6N-2 and C3N, respectively. Meanwhile, the main
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Figure 6: Optical absorption spectra ααβ(ω) of single-layer BC3, BC6N and C3N as a
function of photon energy for in-plane and out-of-plane polarizations within RPA+PBE
approach. The inset shows a comparison of absorption spectra for the in-plane polarization
in the visible range of light as a function of wavelength including graphene (black line)
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peaks of optical conductivities are located at at 11.84, 12.31, 12.78 and 13.16
eV, respectively. The main peak in Re[σαβ(ω)] for out-of-plane polarization
locate at energy levels between 9.55 and 13.59 eV. Furthermore, it can be
seen that the optical conductivities of all studied nanosheets in the visible
range of light are higher than that of the graphene. Notably, BC3 and C3N
monolayers present very strong conductivity in the 500–700 nm range along
with very high optical conductivities. These enhancements in the optical
conductivities further highlight the desirable performances of BC3 and C3N
nanosheets for applications in photovoltaic cells.
Figure 7: Optical conductivity, Re[σαβ(ω)], of single-layer BC3, BC6N and C3N as a
function of photon energy for in-plane and out-of-plane polarizations within RPA+PBE
approach. The inset shows a comparison of optical conductivity for the in-plane polariza-
tion in the visible range as a function of wavelength including graphene (black line)
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Last but not least, we consider the thermal conductivity of BC3, BC6N-1
and BC6N-2 monolayers calculated from first principles. Since these materi-
als are semiconductors, phonons are their major heat carriers, such that we
focus our predictions on the lattice thermal conductivity of these graphene-
like monolayers. According to our calculations, the diagonal elements of the
thermal conductivity tensor relative to the in-plane directions are identical
within the precision of the method, with the notable exception of BC6N-2,
which presents anisotropic thermal conductivities. In all cases, the conduc-
tivity tensor element corresponding to the out-of-plane direction vanishes.
Therefore, we can assert that thermal transport in BC3, BC6N-1 is isotropic
along armchair and zigzag directions, in agreement with C3N, C2N [19] and
graphene [75], while BC6N-2 presents anisotropic thermal transport charac-
teristics. In Fig. 8 we show the lattice thermal conductivities as a function
of temperature in the range 250 to 800 K. In the case of BC3 and BC6N-1
we present the average of the non-vanishing diagonal terms of the conductiv-
ity tensor, while for BC6N-2 we show both in-plane components separately,
which are related to the armchair and zigzag directions. In the temperature
interval considered, the conductivity of BC6N-2 in either direction is always
larger than that of BC3 and BC6N-1. The room temperature lattice thermal
conductivities are 410 W/m.K for BC3, 1080 W/m.K in the case of BC6N-1
(the structure without B-N bonds), 1430 and 1710 W/m.K along the arm-
chair and zigzag directions of BC6N-2 (the structure with B-N bonds), which
are remarkably high for monolayers. For reference, the room temperature
thermal conductivity of bulk copper is 400 W/m.K, while for hexagonal BN
it is 600 W/m.K [76], and for graphene we have 2900 ± 100 W/m.K [77]. It
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is worth of notice that we have previously observed a strong correspondence
between anisotropies in elastic moduli and thermal conductivities [78, 19, 79].
In several of our previous studies, 2D materials with isotropic elastic modulus
also presented isotropic thermal conductivities. BC6N-2 monolayers seem to
be a notable exception, since it presents isotropic elastic moduli but different
values for thermal conductivity along in-plane directions.
Figure 8: Lattice thermal conductivity of BC3, BC6N-1 and BC6N-2 (armchair and zigzag
directions) calculated from first principles lattice dynamics. The room temperature con-
ductivities are 410 W/m.K for BC3, 1080 W/m.K in the case of BC6N-1, 1430 and 1710
W/m.K along the armchair and zigzag directions of BC6N-2, respectively.
At first it might seem counterintuitive for BC6N-2 to present higher lattice
thermal conductivities relative to BC3 and BC6N-1, and in order to clarify
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this matter we look at the phonon group velocities shown in Fig. 9. The
major contribution to the thermal conductivity of both materials comes from
their acoustic phonon modes. If we focus on the lower frequency range of
the acoustic phonons, say below 15 THz, it is noticeable that on average
the group velocities are higher in the case of BC6N-2, consistent with its
higher thermal conductivity. This comparison of phonon group velocities
has been enough to understand why a certain material presents a larger
thermal conductivity relative to another material in some of our previous
works [80, 81]. Nonetheless, it is not always possible to atribute the difference
to group velocities alone, and other quantities migth need to be considered
such as phonon mean free paths or scattering rates [67].
Figure 9: Phonon group velocities of BC3, BC6N-1 and BC6N-2 calculated from first
principles lattice dynamics. On average he group velocities are higher in the case of
BC6N-2, consistent with its higher thermal conductivity.
In general, doping of a pristine material decreases the thermal conductiv-
ity due to an increase in phonon scattering rates. However, our results sug-
gest that in the case of BC3 and C3N nanosheets, controlled chemical doping
and replacement of a single B or N atom in every unit-cell can substan-
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tially improve the thermal conductivity. Furthermore, for these nanosheets,
controlled doping also modulates the electronic structure by creating direct
bandgap semiconductors. Therefore, our results reveal an unusual but very
promising finding. We predict the possibility of opening a direct bandgap
in graphene with minimal sacrifice of its ultrahigh thermal conductivity via
co-doping with B and N atoms.
4. Concluding remarks
Graphene-like BC3 and C3N are among the most attractive carbon-based
2D semiconductors. Motivated by the outstanding properties of C3N and
BC3 nanosheets, we propose two novel graphene-like semiconductors with
BC6N stoichiometry. We conducted extensive density functional theory cal-
culations to explore the mechanical properties, electronic structure, optical
characteristics and thermal conductivity of free-standing single-layers of BC3
and BC6N. Phonon dispersions of BC3 and BC6N nanosheets were found to
be free of imaginary frequencies, and AIMD simulations at 1000 K confirm
their mechanical stability. First-principles calculations reveal that BC3 and
BC6N monolayers present isotropic and outstandingly high elastic moduli of
256 and 305 N/m, respectively. BC3 and BC6N nanosheets exhibit higher
tensile strength and stretchability along the zigzag direction when compared
to the armchair direction. The maximum tensile strength of BC3 and BC6N
were predicted to be 29 and 33.4 N/m, respectively, only around 30% lower
than that of the graphene.
Our analysis of electronic and optical characteristics of BC3 and BC6N
monolayers also reveal promising physical properties. Notably, BC3 and
BC6N monolayers, without and with B-N bonds, show indirect and direct
22
bandgaps, respectively, with values of 1.82, 2.10 and 1.77 eV, according to
the HSE06 functional. Finally, the optical response of these graphene-like
materials, including the imaginary and real part of dielectric function, ab-
sorption coefficient and optical conductivity for in-plane and out-of-plane po-
larizations were investigated. The first absorption peaks along the in-plane
polarization reveal that these novel 2D nanostructures can absorb visible
light, suggesting their prospect for applications in optoelectronics and nano-
electronics. Moreover, the absorption coefficient and optical conductivity of
these nanosheets in the visible range were observed to be larger than those
of graphene.
As an exciting finding, the room temperature lattice thermal conductiv-
ity of BC3 and BC6N monolayers were predicted to be remarkably high at
410 and 1710 W/m.K, respectively, highly desirable to contend with heating
dissipation concerns. Our extensive first-principles calculations highlight the
outstanding physical properties of graphene-like BC3 and BC6N nanosheets,
and suggest them as strong and highly thermal conductive semiconductors,
suitable for the design of advanced electronic, optical, energy storage and
thermal management devices.
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